Background and Objective: Current treatments for Alzheimer's Disease (AD) do not affect the course of the illness and brain stimulation techniques are increasingly promoted as potential therapeutic interventions for AD. This study reviews the effects of electromagnetic field (EMF) exposure versus sham exposure on working memory (WM) performance of healthy human participants. Method: Online literature databases and previous systematic reviews were searched for studies of EMF and WM in participants without reported memory problems. Two thousand eight hundred and fifty seven studies were identified, and 10 studies met the inclusion criteria. An assessment of study quality was completed, and separate, random effects meta-analyses were conducted for each of the three WM tasks included: n-back, substitution and digit span forward. Results: No differences were found between participants exposed to active EMF versus sham conditions in any of the three working memory tasks examined. Conclusion: Results indicate that EMF does not affect WM during the n-back, substitution and digitspan tasks. Future studies should focus on the possible effects of chronic exposure to EMF in older adults with AD using a battery of comparable WM and attention tasks, before EMF can be seriously considered as a potential modulator of WM in AD.
Introduction
Alzheimer's Disease (AD) is a neurodegenerative disorder characterised by an insidious onset and progressive disturbance in cognitive function with memory being particularly affected. Symptomatic treatments including cholinesterase inhibitors provide modest relief but do not delay disease progression (AD2000, 2004 . Other AD treatments are sought to reduce cognitive decline associated with AD and delay the course of disease progression.
Brain stimulation techniques are now being advocated as potential treatments for several neurodegenerative disorders. Deep Brain Stimulation (DBS) has been widely used to treat tremor, dyskinesia and motor fluctuation in Parkinson's disease (see Honey and Ranjan, 2012 for a review), and the first clinical trial for the use of DBS on cognitive function in patients with Dementia with Lewy Bodies is now underway (NCT02263937). Transcranial direct current stimulation (tDCS) and transcranial magnetic stimulation (TMS) have both shown promise in improving cognitive function of patients suffering neurodegenerative dementias including AD (see Elder and Taylor, 2014 for a review). Recently, exposure to EMF, such as those emitted by mobile phones, has emerged as a potential modifier of cognition (see Barth et al., 2008 for a review). Phones from the Global System for Mobile communication (GSM) emit high frequency EMF incerebral metabolism and excitability in brain regions directly exposed to signal (for review see Valentini et al., 2007) . This idea is supported by animal studies which report that exposure to EMF can enhance cognitive performance including WM in aged Alzheimer's transgenic (Tg) mice by reversing amyloid-β (Aβ) deposition (Arendash et al., 2012; and countering neuronal hypo-activity, which occurs early in AD pathogenesis (Mori et al., 2011) . In human participants, Schuz et al. (2009) , found that long-term cell phone users (10 years+) had a 30-40% decreased risk of hospitalisation because of AD and vascular dementia. In 2012, Ng et al. reported that in a group of older participants with age-related cognitive decline, more frequent mobile phone users showed better performance on the mini-mental state examination (MMSE) and neuropsychological tests including measures of memory and attention. Although these epidemiological studies do not distinguish between causal and consequential association, and the animal findings are not easily extrapolated to humans, together, these few studies show promise in the application of EMF for age-related cognitive decline. A treatment based on exposure to EMF could therefore provide an inexpensive, non-invasive, non-pharmacological therapeutic intervention for cognitive decline associated with AD.
Use of mobile phones has increased exponentially in recent years, and although their impact on health and normal brain function in humans has come under intense investigation over the last decade, findings are nevertheless conflicting. The idea that EMF can benefit human cognition is supported by a number of empirical studies. Koivisto et al. (2000) reported faster reaction times during WM tasks and improved response times during simple reaction and vigilance tasks and reduced cognitive time for mental arithmetic tasks. In 2003, Smythe and Costall provided further evidence to support improvements in memory under EMF exposure but only in male participants. Keetley et al. (2006) observed faster performance on a trail making task, but that accuracy during simple and choice response times decreased. Small improvements in attention have also been reported (Lee et al., 2003) .
Other studies, however, have reported no effects on cognition including memory, attention and executive function (Haarala et al., 2007; Koivisto et al., 2000; Krause et al., 2007; Haarala et al., 2004; Haarala et al., 2005; Haarala et al., 2003; Besset et al., 2005; Eltiti et al., 2009; Delhez et al., 2004) . Despite the growing body of literature, differences in methodologies, exposure protocols and outcome measures have led to inconclusive results. Three recent meta-analyses report conflicting conclusions. In 2008, Barth et al. suggested that human attention and WM were facilitated by exposure to EMF on the subtraction and 0-back tasks, whilst Valentini et al. (2011) and Barth et al. (2011) reported no effects of exposure. These meta-analyses have several limitations in the context of assessing the effects of EMF on WM. Barth et al. (2011) and 2008 included only the n-back task as a measure of WM in their analyses and may therefore reflect task-specific conclusions that do not generalise to WM as a whole. In addition, Barth et al.'s 2008 review was limited to studies completed by 2007 and is now nearly 10 years out of date. Whilst Valentini et al. (2011) included the subtraction task in addition to the n-back, they compared data from two distinct versions of the task: subtraction versus the more challenging descending subtraction task, which, in addition to WM, draws on components of attention and executive function, similar to the distinctions made between digit-forward and digit-backward tasks (Hale et al., 2002) and is therefore not directly comparable to the subtraction task.
Before EMF can be seriously considered as a novel treatment for AD, consensus must be reached on its potential to modulate cognition. Although episodic memory deficits are prominent in early AD, few EMF studies measure this construct and recent reports from animal studies point explicitly to improvements in WM. To our knowledge, there are currently no studies of direct EMF exposure on WM performance in patients with AD, MCI, age-related cognitive decline or even subjective cognitive complaints. Focusing on the most up-todate literature, beyond the scope of existing metaanalyses, the current study examined whether acute exposure to EMF emitted by GSM mobile phones affects WM performance in human participants without reported memory difficulties.
Methods

Literature search and selection
Online databases (PubMed, Cochrane, Web of Science, Embase, PsychARTICLES, PsychINFO (1806-present)) were searched on 21 August 2013. The following search terms were used: 'RCT OR randomised OR randomised) AND (EMF OR electromagnetic OR RF OR radiofrequency OR radio-frequency OR "radio frequency") AND (cognition OR cognitive OR executive OR motor OR memory OR behavioural OR behavioural OR psychomotor OR performance OR attention OR "response time" OR "reaction time" OR accuracy'. All fields were searched, and references of published articles were also inspected for relevant studies manually. The studies were selected on the basis of the following inclusion criteria: The quality of included studies was assessed using the Cochrane Collaborations Risk of Bias Tool (Cochrane Collaboration) by four independent raters (OZ, HG, HC, MC). All discrepancies were resolved by discussion.
Data extraction and calculation of effect sizes
Means and standard deviations were extracted by four independent authors (OZ, HG, HC, MC), and discrepancies were resolved through discussion. Several studies reported data separately for parameters including side of exposure and type of EMF. As there is no consensus on the precise stimulation parameters and no a-priori predictions were made for these characteristics, weighted scores were computed by averaging the responses across those trials. To work out the combined means and standard deviations, the following formulae were used:
where n = number of participants, 1 = active condition, 2 = sham condition.
Averaged parameters included:
1. Left and right hemisphere exposure 2. Continuous versus pulsed wave 3. Target versus non-target: because 2/5 studies (Krause et al. 2007; Haarala et al. 2007 ) did not report data for target and non-target trials separately, data from these trials were averaged to compose a weighted score. 4. Finland versus Sweden 5. 20 μT versus 400 μT 6. Sensitive versus control (self-reported sensitivity to EME vs. no self-reported sensitivity to EME) 7. EP 'on' and RP 'on' and EP 'off' and RP 'off' conditions were averaged to analyse data from Besset et al. (2005) .
Some studies reported 'number of false answers', '% error', or 'number of errors'. In these cases, % correct scores were calculated to allow comparison across all studies. The standardised mean difference (SMD) was used as a measure of effect size. Positive SMD values indicate faster or more accurate responses for active versus sham treatment, whilst negative values indicate slower or less accurate responses for active versus sham treatment.
Meta-analyses
Statistical analyses were carried out using Review manager 5.3 (The Cochrane Collaboration, 2014). Only WM tasks that were present in three or more studies were included in the meta-analyses, and separate meta-analyses were conducted for each task. The meta-analyses were carried out as a comparison between EMF active and EMF sham conditions. The random effects model was used to estimate the overall SMD. The Z statistic was used to test whether the overall pooled SMD was significantly different from 0. The I 2 statistic was used as an indicator of variability in SMDs between included studies with I 2 values ranging between 25% and 49% signifying low heterogeneity, 50% and 74% as moderate and 75% or greater as high heterogeneity. Publication bias was assessed using funnel plots.
Results
Study characteristics
Initial non-refined searches produced 2857 results which were then subjected to evaluation of title and abstract content. This selection produced 123 results.
Once duplicates were removed, 76 papers were identified for full evaluation and 10 studies, published between 1999 and 2009, met the inclusion criteria (see Figure 1 for more detail).
In total, 553 participants were tested: 524 under active GSM exposure and 525 under sham conditions (one between-subjects study was included with 28 participants in the active condition and 29 in sham and 9 between-subjects design studies). Research characteristics of eligible studies are summarised in Table 1 . All studies examined effects of EMF on WM using the n-back, subtraction or digit-span tasks. Participants in the Haarala et al. (2007) study completed both the n-back and the subtraction tasks, but because separate analyses were performed for each task, no double-counting of participants occurred. Nine of 10 studies were of a within-subjects crossover design with participants performing both the active and sham exposures in a counterbalanced order. Besset et al. (2005) used a between-subjects design with one group performing the active and another group performing the sham exposure. Participants were exposed to EMF via a GSM phone or a signal generator connected to a GSM phone in nine of 10 studies. Eltiti et al.
(2009) combined GSM and UMTS signal. Exposure duration for each session lasted between 30 and 120 min. In nine studies, participants were exposed for one to two sessions completed within a fortnight and one study (Besset et al., 2005) exposed participants for 2 h daily for 4 weeks. Seven studies reported EMF exposure to the right side of the head, one reported exposure to both sides (Haarala et al., 2007) and two provided no details on side of exposure (Besset et al., 2005 and Eltiti et al., 2009) . All except two studies (Koivisto et al., 2000; 1999) used a double blind design. Table 2 provides a summary of potential sources of bias for included studies. No studies were excluded on the basis of inadequate ratings, and only one of 10 studies was rated inadequate on three of six parameters. The remaining studies were all rated as adequate on four or more parameters. The randomisation of sequence generation and allocation concealment were 
Quality of studies
Meta-analyses
Three WM tasks were identified as being present in three or more studies: the n-back, subtraction and digit span tasks. Six studies were initially identified for the n-back task, but one study reported log-transformed data so had to be excluded from the analyses (Krause et al., 2000) , leaving five suitable studies (see Table 1 ). Separate meta-analyses were performed for each level of the n-back task and for the reaction time (RT) and accuracy (ACC) measures. Three studies were identified for the subtraction task (see Table 1 ). RT was used as the dependent variable as accuracy data was not available for Koivisto et al. (1999) . Three studies with digit span forward task were identified (see Table 1 ). In Besset et al. (2005) , only data from the exposure period (EP) and recovery period (RP) stages were used, and data from the baseline period (BLP) were excluded as there was no exposure to EMF/sham during this period. Similarly, in Keetley et al. (2006) only data in 'real field' exposure and 'sham field' exposure were used and 'pre exposure' data were excluded as performance in this condition was not subject to EMF/sham exposure. Table 3 summarises the results of the metaanalyses. All WM measures examined in this review were homogenous, with the exception of the digit span task which showed heterogeneity. No significant differences between active EMF and EMF off/sham conditions were found for any of the three working memory tasks investigated.
No evidence of publication bias was found as indicated by the funnel plots for each task (see Figure 2 ).
Discussion
Our analysis does not support the hypothesis that exposure to EMF has any impact on WM of healthy human participants. This result is consistent with earlier meta-analyses (Barth et al., 2011; Valentini et al., 2011) . In contrast to previous reports, we examined whether EMF affects performance during three separate WM tasks and compared only identical task conditions. Despite these methodological refinements, and examination of a larger pool of potentially eligible studies, no significant effects of EMF on WM were observed. It is possible that the WM tasks chosen were not sensitive to the effects of EMF and that other tasks measuring memory capacity and attention, which are most compromised in AD, might have indicated significant effects.
Closer inspection of the data suggests that heterogeneity observed in the digit span analysis is driven entirely by the Eltiti et al. (2009) study, which combined signal from the 900 and 1800-MHz frequency bands and counterbalanced participants to an additional UMTS signal exposure with a frequency of 2020 MHz. This combination of frequencies is much higher than that used in the other three studies and may account for the drop in accuracy in the exposure condition. Removing this study achieves 100% homogeneity between tasks and does not produce any significant effects: À0.04 [À0.25, 0.17]; P = 0.69, X 2 = 0.16, Z = 0.36. Precise parameters of EMF exposure for most beneficial effects are not yet understood, and it is possible that characteristics including 'side of exposure' and 'type of wave' (pulsed vs. continuous) may interact with task performance. There is some, limited evidence that 'left-sided' exposure to EMF slowed response times during a spatial memory task (Eliyahu et al., 2006 and Luria et al., 2008) . It is therefore possible that averaging across trials with left and right sided exposure has masked underlying effects on WM. Two studies included in the analysis of the n-back tasks reported data separately for 'left versus right' and 'continuous versus pulsed' stimulation. In a separate, post-hoc analysis, we therefore compared whether 'left-sided' exposure under pulsed stimulation (as GSM devises typically emit a pulsed wave) revealed any differences that may have been masked during combined analyses. No significant differences were found, and all n-back tasks remained homogenous (see Table 4 ).
Current literature is limited to examining shortterm EMF effects, where participants are exposed for brief durations, across few sessions, typically no more than a few days apart. Benefits from such exposure protocols may therefore be transient, an idea supported by findings that EMF-induced physiological changes, including cerebral metabolism and brain electrical activity, return to baseline levels as quickly as 1 h following cessation of exposure (Valentini et al., 2007; Hamblin and Wood, 2002) . Other types of brain stimulation techniques rely on repeated application to induce longer lasting effects (Wilkinson et al., 2014; Garin et al., 2011) and allow for long-term plastic change following repeated stimulus exposure (Hoffman and Cavus, 2002) . Effects of EMF may therefore be observed following longer exposure and follow-up protocols which allow potential treatment carry-over effects to emerge. A number of recent reports suggest that long-term exposure to EMF provides cognitive benefits in mice. Arendash et al. (2010) found that daily EMF exposure during a 7-month period improved cognitive performance of AD Tg mice on a battery of cognitive tests compared to controls and reduced brain Aβ deposition. In 2012, these findings were extended to show that advanced Aβ deposition in the brains of very old AD Tg mice was reversed following daily EMF exposure over a 2-month period. These findings are encouraging, and similar protocols now need to be applied to human participants.
By pooling results from different studies, this metaanalysis allowed us to provide a summary of current findings with more accurate estimation of effect size and without the difficulties of small sample size and low statistical power. This study is nevertheless limited by the number and the quality of studies included. One difficulty is that there is a shortage of studies which fulfil the minimum requirements for inclusion. Many studies were excluded because of unreported means and/or standard deviations required for analysis. Another shortcoming is the vastly different outcome measures across studies which could not be compared in the meta-analysis. In total, only 10 studies fulfilled our minimum inclusion criteria, so clearly these findings must be interpreted with caution. Given the large amount of conflicting data in the field, and the likelihood of future meta-analyses, establishing a minimum agreed standard for reporting methodological and statistical details, together with a standard battery of cognitive tests, would help advance this line of research. Given the wider context of AD-related cognitive decline that this study is set in, the average age of participants (28.5 years) is also a noticeable limitation, particularly given that differential effects of EMF have been reported on physiological brain changes of old and young participants (Croft et al., 2010; Veccio et al., 2010) . There is now a handful of animal (Arendash et al., 2012 (Arendash et al., , 2010 ) and epidemiological human studies (Shuz et al., 2009; Ng et al., 2011) which show promise for EMF as a cognitive enhancer in older brains, but clearly there is a gap in current research and a need for similar, empirical studies to be conducted in older human populations with memory difficulties. The tolerability and incidence of adverse events will also be an important factor in determining suitability of using EMF amongst the older population who are more likely to suffer from ill health and a multitude of comorbidities.
In conclusion, the current analysis provides no evidence that short-term exposure to EMF has an effect on WM and its potential for relieving cognitive decline associated with AD remains unconfirmed. Given the lack of current treatments for AD, there is an urgent need to explore other possible interventions such as EMF. Future studies should focus on long-term exposure to EMF and assess potential treatment carry-over effects on WM and attention, particularly in older participants with memory problems. More detailed reporting of methodological details and study results will enable a larger pool of comparable studies to be generated for future analyses. Finally, study designs which focus on specific stimulation parameters including side of exposure and type of wave with a focus on tolerability will greatly inform this field of research.
